The lack of land ownership databases in developing countries has influenced inhabitants of these countries to occupy public lands. This situation has resulted in areas of informal housing, commerce, and agriculture, ultimately creating new informal settlements, which are becoming a serious problem in developing countries. These informal settlements contain inhabitants settled on public land without any infrastructure and against the landowner's wishes. This process results in uncontrolled land occupation that promotes new informal areas without any proper urban utilities, positioned in risky areas, where the minimum requirements for healthy living are not being met. In some cases, this incentivizes an informal economy. Building a cadastral map in informal settlement areas is fundamental to supporting the future transformation of illegal areas, and in regulating the occupation of new subdivisions and new expansion areas. In this paper, we present a methodology developed to support the management of informal settlement areas. The method we used has the potential for replication so that it can be adapted to multiple types of informal settlements, as can the model used to register the land tenure. The model was developed using a series of qualitative and quantitative data that determine the identification and classification of buildings, along with a physical and functional description. A Geographic Information System, an initial survey of existing land titles of possession, and public proposals to develop new expansion areas were used to develop the model. A case study is presented where the land management model was implemented in Chã da Caldeiras in Ilha do Fogo, which is an informal settlement in Cape Verde. The proposal created using the results was accepted by the population and local authorities.
Introduction
Informal settlements represent a large percentage of urban areas in developing countries [1] . These settlements are generally composed of buildings without a construction license or legal or technical documentation, which promotes the destruction and contamination of land over time, hinders planning activity in the territory, and prevents the development of new opportunities. One of the common aspects of these settlements is the social segregation of the population, including social, physical, and spatial segregation between settlements and the surrounding formal areas [2] . Several authors have offered differing perspectives [3] [4] [5] [6] on informal settlements, namely in terms of cadastral model was defined by a series of data that systematized the identification and uses of the parcels and buildings, of urban, rural, and mixed origin, their physical and functional descriptions, and their occupants. Additionally, the cadastral model had to contain a database to support the definition of new parcels and to inform the design of the expansion of the settlement area.
Step 1: Analysis and Survey of Existent Land Occupation
The main goal was to create a future cadastral record, and a basis upon which to analyse the settlements' topologic physical, social, economic, and environmental characteristics. First, a topographic survey map of this area, which was necessary for the creation of the database, was created. This database was composed of raster images that provide a visual backdrop, while the polygons of the buildings or parcels allow the assignment of a code to each parcel.
A land parcel is the basic unit in the cadastral system. A singular code is assigned to each parcel, and listed on a cadastral survey plan along with its dimensions and geographic position. The preparation of the register of existing occupation was based on on-site work that involved the mapping and characterizing of all of the existing buildings and their limits, as well as the surrounding areas inside the settlement limits. This process and type of system is only credible if the entire process is followed with the participation of local community [7, [31] [32] [33] ). The cadastral surveys require that land occupants be consulted to identify and localize the cadastral register boundaries. In addition to the parcel limits, collecting all the existing physical-spatial data is necessary, such as topographic and natural features and any additional characteristics, including water standpipes or latrine structures. Collecting socio-economic data is also required, including the chief of each family or household name, and the number of people per dwelling.
The survey of the existing land use must be rigorous. Identifying common elements in the land use survey is necessary, as correct functional and activity identification of the territory is required to create an urban model that reflects reality according the occupation area, in both the present and for future transformations. All the collected data should be subsequently computerized, using a Geographic Information System (GIS) and a database. Many studies [1, 15, 18, 31] have highlighted the importance of using GIS for defining and supporting future land development, including management and planning decisions. All the collected data should be complemented with a set of environmental, morphologic, legal, risk, and social-economic analyses, including the identification of the relationships between the quantitative and qualitative data and their overlap, achieved by using GIS.
A correct analysis and interpretation of the collected data, such as traditional social behaviours, are essential to achieving a logical and fair solution according to the reality of the settlement.
Step 2: Design the Parametric Model
Step 2 was based on the evaluation of all the physical components of the existing occupation of the settlement, and of the urban and rural living patterns that were identified in the first step. After understanding the structure, composition, and profile of the analysed community, we identified the parametric elements of the multiple existing parcels. Those elements created the base element that allowed the identification of the occupation pattern type. Additionally, the relationship between the number of family elements and the activities undertaken in the housing or parcel helped to establish a referential pattern for the future transformation of the informal settlement.
Given this information, the resulting parametric model aids the conceptualization of a new parcel typology that, after discussion with the population, could be implemented in the identified intervention areas to create a participative process of transformation [7] . These parameters were also essential for transforming the existing land use into a regular urban design. The parcel design had to be adjusted to guarantee areas for infrastructure channels and public spaces. These parameters should lead to fair and participatory adjustments of the occupied areas to fulfil the needs of the population.
Step 3: Definition of New Parcels
The objective of Step 3 was to implement additional parcels in the intervention area, to sustainably and inclusively achieve urban transformation of the informal settlement. One part of the urban planning process involves an urban land tenure solution. This is an organised method where the structure of the parcel boundaries is modified, but land ownership is unaltered. Urban land consolidation has been increasingly used in multiple countries as an instrument of urban development [1, 2, 18, 27, 34] and to establish a base for a future tax system.
In a planning process like that presented, addressing three different situations is required: (1) the potential relocation of a building, when the identified characteristics represent a potential restraint, putting the building in a risk classification; (2) the necessity of promoting a network of infrastructures within the settlement; and (3) identifying the needs of the population in terms of services, equipment, and areas required. The last two points could impact the parcels or the existing buildings. In the transformation of an informal settlement, it is essential to consider the fundamental characteristics of the number of existing people living in those settlements, and their individual or collective needs during the planning process.
Therefore, through the calculations completed in the second step, different typologies were defined with the goal of transforming and improving the living conditions to include better urban spaces and infrastructure. The description of the typology to be applied to the new parcels should be presented in a map that outlines the delimitation of the new parcels, in order to create a fair proposal for land occupation.
Step 4: Development of the Cadastral Model
In Step 4, after defining the new occupation model of the intervention area, registering all the parcels is necessary-including existing, new, and transformed parcels, using the cadastre that provides a complete list and documentation of the parcels possessors' rights and responsibilities. The parcels should be identified and assigned systematic codes (numbers and/or letters) to define the administrative composition. Some data are indispensable in a cadastral frame; alongside the parcel code, the geodesic coordinates, multiple dimensions, use, and other information must be recorded. In addition to the data that characterize the different parcels, calculating the urban parameters is also necessary to legislate the occupation, the urban development phases, and the responsibilities. The cadastral model should be registered in a map that includes legal boundaries, the respective urbanistic parameters, and cartesian coordinates frames. These three elements geographically and geometrically define the polygons of the transformed land and the new parcels with their reference codes.
Case Study
The study area is outlined in red in Figure 1 , and depicts the informal settlement area of Chã das Caldeira located on Ilha (Island) do Fogo, at Cape Verde. The Chã das Caldeiras settlement is located in the Natural Park of Fogo (Parque Natural do Fogo) and is classified as a rural area. The settlements are situated in the interior of the volcano area, occupying an area of 57.49 ha of public land. The remarkable Pico's Volcano, a striking landscape feature of the area, is located near this settlement. The most recent eruption event was at the end of 2014 and affected the entire population of Chã das Caldeiras, with hugely negatively impacts on housing, tourist facilities, and agriculture areas.
The Chã das Caldeiras informal settlement is divided into two smaller parts: Bangaeira and Portela. The area has 231 buildings, with the majority being single family habitations with a total population of 675 people. The dominant activities in this settlement are agriculture and livestock.
To provide this population with the basic infrastructure required for proper living conditions, reorganising the urban areas was essential. To reach this goal, we created a methodology to identify the existing parcels and to promote their reorganisation.
In this section, we present and explain the proposed method, including the application of the four steps to the case study of Chã das Caldeiras. 
Application of Step 1: Analysis and Survey of Existing Land Occupation
The main objective for collecting data regarding the two parts of the informal settlement was to construct a database. The database was initially created using the GIS functionalities, along with a preliminary drawing of the multiple elements and likely boundaries of each land parcel. This was completed based on the observation of orthophoto maps and additional data received by the local government. To simplify the data collection and organization, the intervention area was divided into 19 sub-areas, labelled from A to T, as presented in Figure 2 . A single code was assigned to each parcel. 
The main objective for collecting data regarding the two parts of the informal settlement was to construct a database. The database was initially created using the GIS functionalities, along with a preliminary drawing of the multiple elements and likely boundaries of each land parcel. This was completed based on the observation of orthophoto maps and additional data received by the local government. To simplify the data collection and organization, the intervention area was divided into 19 sub-areas, labelled from A to T, as presented in Figure 2 . A single code was assigned to each parcel. In addition to the base map that would be used for the field survey, we created a characterisation form for each parcel. The specifications of each parcel that were recorded included the land use, number of floors, structural condition, construction materials, and other notes. Afterward, all information was synthesised in a table to provide a summary and overview that could be further analysed.
An on-site survey was completed to provide a strong work base for the next step. The spatialization, characterisation, and total area used of each building were recorded. Using this method, an on-site map was developed, along with the parcel's occupants and the boundaries of the different parcel elements. The "users/owners" or their household names were registered. We recorded the existence of cisterns, agriculture areas, toilets, sceptic holes, and other relevant information (Figure 3 ). In addition to the base map that would be used for the field survey, we created a characterisation form for each parcel. The specifications of each parcel that were recorded included the land use, number of floors, structural condition, construction materials, and other notes. Afterward, all information was synthesised in a table to provide a summary and overview that could be further analysed.
An on-site survey was completed to provide a strong work base for the next step. The spatialization, characterisation, and total area used of each building were recorded. Using this method, an on-site map was developed, along with the parcel's occupants and the boundaries of the different parcel elements. The "users/owners" or their household names were registered. We recorded the existence of cisterns, agriculture areas, toilets, sceptic holes, and other relevant information (Figure 3) . Through the field work, we collected the data required to create a cadastral database of the existing occupation with an actualised chart, which included a characterisation sheet for each parcel and a table with all the relevant data (Table 1) to be used for the next step.
The survey was complemented with environmental, morphologic, legal, risk, and socialeconomic analyses, which were all introduced in the GIS [33, 34] . The most relevant analyses included in this methodology were ( Figure 4 ):
(1) Environment and risk: hypsometry, slopes and strands exposure, geology and lithology, hydrology, climate, land occupation, erosion, seismic and volcanic risks, and land slide risk. (2) Socio-economic: population, age and gender distribution, educational level, population structure and employment, and economic activities. Through the field work, we collected the data required to create a cadastral database of the existing occupation with an actualised chart, which included a characterisation sheet for each parcel and a table with all the relevant data (Table 1) to be used for the next step.
The survey was complemented with environmental, morphologic, legal, risk, and social-economic analyses, which were all introduced in the GIS [33, 34] . The most relevant analyses included in this methodology were ( Figure 4 ):
(1) Environment and risk: hypsometry, slopes and strands exposure, geology and lithology, hydrology, climate, land occupation, erosion, seismic and volcanic risks, and land slide risk. (2) Socio-economic: population, age and gender distribution, educational level, population structure and employment, and economic activities. (3) Morphology: structure, building use, number of floors, construction materials, conservation, public spaces, and natural areas. (4) Legal: territorial management instruments and tenure land model. 
Application of Step 2: Design of the Parametric Model
The analysis of the existing physical components allowed us to conclude that cisterns were present in most (73%) of the parcels. Assuming this element was a parametric vector, we joined it to another two elements identified via direct observation: the building and the area for agriculture and livestock [17] . According to these assumptions, three different typologies of land occupation were identified: (1) Typology 1 (T1), composed of a building (house), cistern, and a free area with an unspecified use in addition to everyday living; (2) Typology 2 (T2), including the elements of Typology 1 plus an area designated for agriculture or livestock; and (3) Typology 3 (T3), composed only of an area designated for agriculture or livestock.
Definition of the Physical Components of the Parametric Model
Using an operational method, the model definition was mostly based on typologies T1 and T2. For each of T1 and T2, the calculation of the total parcel area (At) was defined as the area used by the parcel occupants for everyday living ( Figure 5 ). For each defined At, we identified the different existing physical components, such as the cistern area (Ac), the building area (Ab), agriculture and livestock area (Aa), and the free area (Af ). The Af, based on its dimensions in T1, was adopted as an unknown factor in the proposed parametric model. The Aa in T2 was determined from Ac and Ab, and was used as an unknown sub-factor.
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Using an operational method, the model definition was mostly based on typologies T1 and T2. For each of T1 and T2, the calculation of the total parcel area (At) was defined as the area used by the parcel occupants for everyday living ( Figure 5 ). For each defined At, we identified the different existing physical components, such as the cistern area (Ac), the building area (Ab), agriculture and livestock area (Aa), and the free area (Af). The Af, based on its dimensions in T1, was adopted as an unknown factor in the proposed parametric model. The Aa in T2 was determined from Ac and Ab, and was used as an unknown sub-factor. To calculate the unknown factor Af, we added together the areas of Ab and Ac when a cistern was present. If not, we only used Ab.
After obtaining the sums (S), Af was calculated as the difference between At and its respective S, which was calculated for each typology delimited inside the intervention area: Table 2 shows an extract of the Excel sheet created for the data treatment of the different physical components identified in the intervention area. 
Unknown Factor Calculation: Af
To calculate the unknown factor Af, we added together the areas of Ab and Ac when a cistern was present. If not, we only used Ab.
After obtaining the sums (S), Af was calculated as the difference between At and its respective S, which was calculated for each typology delimited inside the intervention area: Table 2 shows an extract of the Excel sheet created for the data treatment of the different physical components identified in the intervention area. Once we had determined all the Af values, an average Af (Af wa ) was calculated to normalise the multiple values obtained, and determine the standard deviation in terms of the maximum and minimum areas.
Free weighted average area:
SUB-Unknown Factor Calculation: Aa
The Aa was studied non-autonomously, as it was associated with the building proximity and the cisterns. The dimension of the Aa was related to the habitational vocation of the occupants of the parcel. As such, the Aa of any T2 typology was determined based on the free weighted average area defined as
Weighted Average Calculation of All Physical Components
Once we completed the framework of the physical components of the land occupation, the concept of the free weighted average area was applied using the following formulae.
Weighted average land area:
Weighted average building area:
Weighted average cistern area:
Weighted average agriculture/livestock area:
The application of the parametric model to the average areas of the existing land occupation resulted in a normalisation as rigorous as possible of the fundamental elements that characterise the new parcels.
Application of Step 3: Definition of New Parcels
Multiple factors influenced the proposal, including those linked to the site, topography, urban morphology, land occupation, environmental, and social elements. According the calculation method in Step 2, three distinct parcels typologies were defined based on parcel use, with the goal of improving living conditions.
A-Type Parcel
A-TYPE parcels included a specific housing typology: parcels in the built-up area with one floor, a cistern area, and with the remaining area considered as a free area. These values were obtained by a weighted average of all the referred components, originating from the framework shown in Table 3 . 
B-Type Parcel
This typology included a mixed-typology divided into four components: a building area (usually with one floor), a cistern area, an area for agriculture and/or livestock, and a free area (Table 4) . 
C-Type Parcel
This typology only included an area for agriculture and livestock, accounting for 100% of the parcel area, with the purpose of creating rural ordinated parcels that could be given to owners of typology-A parcels who did not have access to this type of land in their own parcel (Table 5) . To standardise the future land occupation, the urban planning exercise focused on equipment definition if any land was not being used. Based on the multiple analysis process that was performed, multiple categories of land use were defined, with the purpose of planning and controlling the limit of the settlement development. As such, we decided to delineate the urban expansion zone and provide areas for agriculture and livestock.
Before the land use model was created, we standardised the existing parcels' boundaries to simultaneously consolidate the settlement and define the areas required for infrastructure. Finally, in the zones that were identified as empty, we proposed a subdivision of these areas into new habitational parcels and agriculture and livestock parcels, based on the typologies previously defined (Figure 6 ). 
Application of Step 4-Development of the Cadastral Model
Based on Cape Verde's regulations, a building was characterised based on its administrative and geographic location, and geometric configuration and area, plus each building was assigned a unique numeric code (termed the building identification number) which was required in all public documents. Using this system, and by considering the characteristics in terms of the predominant land use of the intervention area, the areas were classified into two cadastral typologies: urban and rural. According to this division and considering the social characteristics of Chã das Caldeiras, the area was divided in two different townships, Bangaeira (North) and Portela (South). An example of the building and rural registration is provided in Table 6 . Table 6 . Nomenclature adopted to the parcels codification.
Township
Registration of the Rural Building Registration of the Urban Building Parcel B R U XX P R U XX P: Portela B: Bangaeira
We assigned a code to each existing and proposed parcel according to its use and location. To create a solution for the administration, management, and planning of the intervention area, the boundaries of the existing and future occupation were defined according to the urban parameters, including territory load capacity, land use compatibility, and existing on-site building limitations. Using this method, the cadastral model proposed was transposed into a legal map, along with a list of the urbanistic parameters and the cartesian coordinates to enable the identification of the boundaries, the constitution of the parcels, their geographic location, and their reference code.
Citizen Engagement in the Co-Design
The inhabitants participated in the entire process of co-design, which provided some rewarding results. The advantage of participation in design is the ability to obtain a series of designs that reflect the real needs of the community, and the community's desires for sharing and interaction. This process also allowed the local authorities to have regular and necessary moments of contact with the population. In view of the expected need for regulation in the occupied land areas and the reconstruction of walls and fences for the transfer of rights between land users, the participation model chosen by the team was that of plenary assemblies [35] . Given the economic and social 
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Citizen Engagement in the Co-Design
The inhabitants participated in the entire process of co-design, which provided some rewarding results. The advantage of participation in design is the ability to obtain a series of designs that reflect the real needs of the community, and the community's desires for sharing and interaction. This process also allowed the local authorities to have regular and necessary moments of contact with the population. In view of the expected need for regulation in the occupied land areas and the reconstruction of walls and fences for the transfer of rights between land users, the participation model chosen by the team was that of plenary assemblies [35] . Given the economic and social contexts, and for political reasons, all the workshops and summits occurred at the geographic junction of the two settlements [36, 37] . The results of the plenary discussions were very positive, so the extant settlements were able to integrate new equipment into their location [38] (Figure 7) . Notably, the expectation of regularization of land ownership has helped with the success of the process and its dissemination [39, 40] .
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Results
The application of this method resulted in the production of a land ownership database, including a cadastral model, a management register, and maps. The management solution that we obtained allowed the municipality to manage the existing occupancy, uses, classes, and categories of the land areas. Table 7 presents an example of the obtained results. The cadastral map we developed using this method accurately depicts the land occupation, allowing for data treatment and planning regarding the existing occupancy. Figure 7 shows the obtained georeferenced map that was supported using GIS. The accurate mapping of the existing land occupation allows the municipality to understand the existing situation and to further manage occupation, including rearranging or re-ordering it while being fair to all involved. An example of its potential is the management of the existing parcel areas and the reordering of the boundaries of the existing parcels to create an area to guarantee needed infrastructure and equipment. Table 8 provides an extract of an area where adjustments were made to the existing parcels limits to provide space for utilities, representing a transparent and participative process with the owners of the parcels [41] . 
The application of this method resulted in the production of a land ownership database, including a cadastral model, a management register, and maps. The management solution that we obtained allowed the municipality to manage the existing occupancy, uses, classes, and categories of the land areas. Table 7 presents an example of the obtained results. The cadastral map we developed using this method accurately depicts the land occupation, allowing for data treatment and planning regarding the existing occupancy. Figure 7 shows the obtained georeferenced map that was supported using GIS. The accurate mapping of the existing land occupation allows the municipality to understand the existing situation and to further manage occupation, including rearranging or re-ordering it while being fair to all involved. An example of its potential is the management of the existing parcel areas and the reordering of the boundaries of the existing parcels to create an area to guarantee needed infrastructure and equipment. Table 8 provides an extract of an area where adjustments were made to the existing parcels limits to provide space for utilities, representing a transparent and participative process with the owners of the parcels [41] . The correct identification of land uses and occupation allowed the creation of new parcels. According to the parametric methodology adopted, parcels were created according to the existing need and the existing parcel areas, in order to plan an expansion area based on the verified occupation areas (Figure 8 ). The correct identification of land uses and occupation allowed the creation of new parcels. According to the parametric methodology adopted, parcels were created according to the existing need and the existing parcel areas, in order to plan an expansion area based on the verified occupation areas (Figure 8 ). This detailed information enabled the municipality to access the building index of any parcel and control the creation of new buildings, preventing uncontrolled expansion inside the settlements.
Conclusions
This study establishes the land transformation process from an informal model to a formal one and analyzes the influence of the parametric design in the built-in cadastral model solution. The pursuit of compact urban areas helps the management system to ensure the minimum living conditions in a transparent and balanced social solution.
The experimental process reveals complex insights into how change can be fostered and supported in the context of the transformation of an informal area into a formal one.
The method and process carried out and its application accepted by the public entity and the local population show the viability of the method to answer to the designation of the existing morphology of the settlement and to the non-existence of formal planning.
The intervention permitted the composition of a process of fair management of access and use of land. It permitted the creation of a detailed and complete database acceptable to a strong discussion and fair management from the existing situation of land occupation, and a future proposal for the settlement to be transformed into a formal area.
This method leads to high, detailed, and fair planning for the intervention area and created a basis for the management and control of land occupation avoiding future unplanned uses in the Chã de Caldeiras settlement. It also ensured a regulated expansion that is concerned with the needs of the population in terms of infrastructure of services as well as equipment planning and programming.
The research method developed allows for the possibility of being applied to the transformation of informal settlements or extended formal urban areas in other geographic contexts where there are difficulties in the tenure of the land and with the context of constraints to the development and acceptance of territorial management models that can be implemented. Also, the population being involved in the process of co-designing the transformation of the settlements, reinforcing the modeling governance, reflects in a better way the answers to the real needs of the community, who can be incorporated as part of future guide lines to sustainable urban planning.
In future research, other advantages of the method are that it is possible to explore the development of a registry of land use and the data of the users of the public infrastructure networks, and also to support a facilities and equipment program.
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